MULTIGEN technology (T. Vinayagamoorthy, U.S. patent 6,197,510, March 2001) is a modification of conventional sequencing technology that generates a single electropherogram consisting of short nucleotide sequences from a mixture of known DNA targets. The target sequences may be present on the same or different nucleic acid molecules. For example, when two DNA targets are sequenced, the first and second sequencing primers are annealed to their respective target sequences, and then a polymerase causes chain extension by the addition of new deoxyribose nucleotides. Since the electrophoretic separation depends on the relative molecular weights of the truncated molecules, the molecular weight of the second sequencing primer was specifically designed to be higher than the combined molecular weight of the first sequencing primer plus the molecular weight of the largest truncated molecule generated from the first target sequence. Thus, the series of truncated molecules produced by the second sequencing primer will have higher molecular weights than those produced by the first sequencing primer. Hence, the truncated molecules produced by these two sequencing primers can be effectively separated in a single lane by standard gel electrophoresis in a single electropherogram without any overlapping of the nucleotide sequences. By using sequencing primers with progressively higher molecular weights, multiple short DNA sequences from a variety of targets can be determined simultaneously. We describe here the basic concept of MULTIGEN technology and three applications: detection of sexually transmitted pathogens (Neisseria gonorrhoeae, Chlamydia trachomatis, and Ureaplasma urealyticum), detection of contaminants in meat samples (coliforms, fecal coliforms, and Escherichia coli O157:H7), and detection of single-nucleotide polymorphisms in the human N-acetyltransferase ( DNA-based technologies such as the use of PCR and DNA probes (16, 17) have led to a wide range of genomic identification methods (1, 2, 3, 8, 12, 13, 20, 21, 32, 38, 40) . However, the ultimate method for identifying a DNA target and, hence, a specific organism is considered to be the determination of a signature nucleotide sequence. The conventional chain dideoxynucleotide termination sequencing method (28) is considered the "gold standard" for determining nucleotide sequences, but it can process only one target at a time. This processing inefficiency of conventional sequencing increases the cost of screening for multiple pathogens and has therefore limited the use of this approach in routine diagnostic testing. Although attempts have been made to sequence multiple targets simultaneously (4, 5, 7, 15, 24, 35) , none could produce an electropherogram consisting of distinct nucleotide sequences from multiple targets. MULTIGEN (34) overcomes this problem, and we describe here its basic concepts and present three examples of applications for routine diagnostic testing. Figure 1A presents a schematic view of MULTIGEN technology, showing the determination of DNA sequences from three genomic regions: ␣, ␤, and ␦. Each of the three regions is amplified with corresponding pairs of primers: region ␦ is amplified with primers i and iЈ, region ␤ is amplified with primers ii and iiЈ, and region ␣ is amplified with primers iii and iiiЈ. These specific genomic regions can be amplified simultaneously by the multiple PCR (MPCR). As shown in Fig. 1B, there are various options for designing the PCR primers around the segment of DNA that is of interest. Furthermore, the sequencing primer site can be located at different sites around the amplicon. Once amplicons from the ␣, ␤, and ␦ regions are amplified, the desired regions of the amplicons can be sequenced. The determination of nucleotide sequences of known DNA targets is primarily used for microbial identification and genetic variations such as single-nucleotide polymorphisms (SNPs) wherein only short segments of the target DNA are sequenced. In order to restrict the length of the sequencing segments without a readthrough of the amplicon, a short stretch at the 3Ј end of the amplicon is sequenced. Thus, the generated DNA sequence will consist of the DNA sequence of the downstream PCR primer plus a variable number of nucleotides from the target DNA sequence beyond the 3Ј end of the downstream PCR primer. Sequencing primer a is used to sequence segment A on amplicon ␣, sequencing primer b is used to sequence segment B on amplicon ␤, and sequencing primer d is used to sequence segment D on amplicon ␦ (Fig. 1C) . In order to analyze the truncated molecules generated from the different amplicon targets in a single lane, sequencing primers of various molecular weights are used. The sequencing primers are modified such that the molecular weight of sequencing primer b is greater than the combined molecular weights of sequencing primer a and segment A. The molecular weight of sequencing primer d is greater than the combined molecular weights of sequencing primer b and segment B. The sequences generated on the same gel from all three amplicons are shown schematically in Fig. 1D . The truncated molecules generated by the lower-molecular-weight sequencing primers will migrate first, followed by those generated by the larger sequencing * Corresponding author. Mailing address:
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MATERIALS AND METHODS
Materials. Escherichia coli O157:H7 was supplied by the Department of Food Science, Faculty of Agriculture, University of Saskatchewan, Saskatoon, Saskatchewan, Canada. PCR-based detection kits for three high-risk subtypes of the human papillomavirus (HPV)-HPV18, HPV31, and HPV33-and three sexually transmitted pathogens (Neisseria gonorrhoeae, Chlamydia trachomatis, and Ureaplasma urealyticum) were purchased from Maxim Biotech. These included primers and template DNA of the target organisms ( Table 1 ). All PCR and sequencing primers (except the primers for HPV subtypes) were designed by Bio-ID Diagnostic, Inc., Saskatoon, Saskatchewan, Canada, by using Oligo 6.0 software (Life Sciences Software Resources) and synthesized by Sigma-Aldrich (Canada). Human DNA was purchased from Boehringer Mannheim GmbH. Primer modification can involve the attachment of a macromolecule with an appropriate molecular weight. One such modification includes coupling the primer to the macromolecule via a bifunctional linker molecule. The sequencing primer is first synthesized with a C6 amino modification at the 5Ј end and is then coupled to a carboxyl group on the linker molecule. The resulting complex is purified and coupled to the macromolecule via its single amino group.
Preparation of total DNA. Cultures of E. coli O157:H7 were grown overnight in Luria-Bertani broth at 37°C in a shaker water bath. Total DNA from bacterial culture, as well as human genomic DNA from buccal swabs obtained from human volunteers, was extracted by using a QIAmp DNA Minikit (Qiagen). The purity and yield of the DNA was determined by using a spectrophotometer (Ultrospec 3000; Pharmacia Biotech, Cambridge, United Kingdom).
MPCR. MPCR of target amplicons was performed in a 50-l volume containing 5 l of 10ϫ buffer (Bio-ID Diagnostic, Inc., and Maxim Biotech). The corresponding thermocycling protocol is shown in Table 2 . The amplified multiple targets were purified by using PSIclone HTS (Princeton Separations, Princeton, N.J.). Then, 5 l of purified MPCR reaction mixture was separated on 2% agarose electrophoresis, stained with 0.1% ethidium bromide, and visualized under UV light at 254 nm on a transilluminator (FBTIV-88; Fisher Scientific) and photographed with a Polaroid photo documentation camera (FBPDC-34; Fisher Scientific).
Cycle sequencing and capillary electrophoresis. The respective amplicons were sequenced by using corresponding sequencing primers (Table 3) by cycle sequencing by using the ABI Prism BigDye terminator cycle sequencing ready reaction kit (version 3.0; PE Applied Biosystems) on a GeneAmp 2400 thermocycler (PE Applied Biosystems). Unincorporated dye terminators were removed by using Centricep chromatography columns (Princeton Separations). The samples were then dried in a speedvac (DNA 120; ThermoSavant) and resuspended in 20 l of ABI Prism template suppression reagent. Samples were analyzed by capillary electrophoresis by using the ABI Prism genetic analyzer 310. The 47-by-50-m uncoated capillary was filled with performance-optimized polymer 6 (acrylamide-urea polymer) and heated to 50°C. Next, 20 l of the sequencing mixture was transferred to an Eppendorf tube. Samples were drawn into the capillary by an electrokinetic injection at 2 kV for 75 s. The electrophoresis was carried out at 15 kV for 36 min.
RESULTS
To illustrate the basic concept and technical feasibility of MULTIGEN technology, experiments were performed with three HPV subtypes (HPV18, HPV31, and HPV33) to show that accurate identification of such closely related genomes could be achieved. The basic experimental model involved producing specific amplicons from plasmid clones carrying the complete genomes of HPV subtypes and then simultaneous cycle sequencing of the 3Ј-terminal end of the pooled amplicons by using sequencing primers of various molecular weights. The DNA sequences of the elecropherograms thus produced were BLAST searched (National Institutes of Health [NIH] ) to identify homology between these respective loci of the target sequences and those in GenBank (NIH). Initially, we generated three amplicons of 360, 350, and 413 bp from three separate plasmid clones carrying target DNA segments (E6 region) HPV18, HPV31, and HPV33, respectively (10, 26, 29) . Two combinations of these amplicons were used as templates to simultaneously sequence the 3Ј end of the amplicons. The first experiment was designed to show that MULTIGEN could generate and read sequences simultaneously from two separate DNA targets (Table 4) . We used two sequencing primers (HPV18 [molecular weight, 13 ,899] and HPV31 [molecular weight, 28,276]). The electropherogram produced two separate sequences consisting of 14 and 55 nucleotides, respectively. As determined by BLAST search, the sequences showed 100% homology with HPV18 and HPV31, respectively. As predicted, the electropherogram had a distinct "nonsignal" region between the two sequences ( Fig. 2A and C) . In our next experiment, the number of targets was increased to three subtypes. Amplicons from all three HPV templates were simultaneously sequenced by using sequencing primers HPV18 (molecular weight, 13,899), HPV33 (molecular weight, 19,108), and HPV31 (molecular weight, 28,276). The electropherogram produced had three distinct sequences of 14, 19, and 55 nucleotides accurately identifying HPV18, HPV33, and HPV31, respectively ( Fig. 2B and D) .
To show the utility of MULTIGEN technology in routine diagnostic testing, three applications were selected. In the first experiment we showed successful detection of three pathogens-N. gonorrhoeae, C. trachomatis, and U. urealyticumthat are associated with sexually transmitted diseases (STDs). Signature DNA segments from all three STD targets were amplified by using MPCR, generating three amplicons of 298, 364, and 219 bp, respectively (Fig. 3A) . The amplicons were simultaneously cycle sequenced by using specific sequencing primers. Figure 4A shows a single electropherogram consisting of 28 nucleotides of U. urealyticum, followed by 25 nucleotides of N. gonorrhoeae, and then 23 nucleotides C. trachomatis. A BLAST search of the nucleotide sequence of the electropherogram detected 100% homology with specific DNA segments in the ureB gene (19) , the CppB gene (39) , and the cryptic plasmid (31) . In subsequent experiments we spiked these samples with DNA from HPV and were still able to obtain clean signature sequences for all three targets with no interference. In our second experiment, signature DNA segments from the ␤-galactosidase (lacZ) gene (14) representing coliforms, the lambda receptor (lamB) gene (6) representing fecal coliforms, and the Shiga toxin (stx 2 ) gene (27) representing E. coli O157:H7 were simultaneously amplified generating three amplicons lamB (306 bp), lacZ (275 bp), and stx 2 (158 bp; Fig. 3B ) from the same E.coli isolate. These amplicons were simultaneously sequenced by using specific sequencing primers. Figure 4B shows a single electropherogram exhibiting all three signature nucleotide sequences of an stx 2 sequence of 30 nucleotides, followed by a lacZ sequence of 25 nucleotides and a lamB sequence of 24 nucleotides. A BLAST search of this electropherogram exhibited 100% homology with respective target gene sequences. To illustrate the specificity of MULTIGEN technology, 50 ng of the genomic DNA from the E. coli isolate was spiked with genomic DNA from common water protozoans: 2.5 ng of Cryptosporidium parvum and 2.5 ng of Giardia lamblia. Even with 10% contaminants we were able to generate an electropherogram with all three signature nucleotide sequences for the lacZ, lamB, and stx 2 gene segments. The sensitivity of MULTIGEN technology was estimated at two stages. The first was a sequencing step. Template titration shows that the optimal amount of double-stranded DNA per target is ca. 2 ng (12 fmol ϭ 7.4 ϫ 10 9 copies) of the target amplicon. The second stage was an MPCR step. We were able to generate all three-signature nucleotide sequences for the lacZ, lamB, and stx 2 gene segments from 100 pg (0.032 fmol ϭ 1.9 ϫ 10 7 copies) of the genomic the DNA. In our third experiment, as an example of the ability of MULTIGEN technology to identify human genetic markers, two segments of the human NAT1 (9) gene were simultaneously amplified from human genomic DNA by using MPCR primers producing two amplicons of 354 and 318 bp (Fig. 3C ). These two amplicons were sequenced simultaneously by using modified sequencing primers. The electropherogram of the single-nucleotide polymorphism (G/A) at locus Ϫ345 on the first segment and of the loci at 445 and 459 in the second segment are shown in Fig. 4C . Haploid genotyping was carried out independently on the third segment (620 bp) of the NAT1 gene for the C/A SNP at locus 1095. The homozygous C/C and the heterozygous C/A are Amp1 (1) Step up d (96°C/10 s, 55°C/10 s, 60°C/4 min), 25 cycles; 4°C/hold Amp2 (1) a UU primer, U. urealyticum primer; NG, N. gonorrhoeae primer; CT, C. trachomatis primer; Amp1, amplicon 1; Amp2, amplicon 2. b Total amplicon calculation was based on the average size of the target amplicons. c HPV33 primers were added initially; HPV18 primers were added after eight cycles, and then HPV31 primers were added after 20 cycles. d Amplicon2 primers were run for 12 cycles, and then amplicon 1 primers were added for the remaining cycles. e Cycle sequencing was performed with a 20-l reaction volume. 
DISCUSSION
The determination of nucleic acid identity involves the binding of an oligonucleotide to a specific segment of the target DNA. Some of the available methods (e.g., dot blot, microarray, etc.) stop at this stage, where detection is determined by relative fluorescent signals from the bound and labeled oligonucleotide probes, whereas others (e.g., PCR, ligase chain reaction, etc.) are processed further by polymerase-mediated reactions but are still assessed by the single fluorescent signal they produce (e.g., the size of amplicon or the release of signal quenching in real-time PCR). Features that distinguish MUL-TIGEN technology are that (i) MULTIGEN goes beyond mere target amplification and produces a distinctive and unique target sequence; that (ii) the technology involves three specific oligonucleotide primers per target, similar to nested PCR; and that (iii) as MULTIGEN generates n number of signals using all four nucleotides in a specific sequence, it increases the specificity of detection by at least 4 n times relative to probe-and PCR-based methods.
In order to avoid only the sequence of the downstream PCR primer showing up on the electropherogram, the sequencing primers are designed such that there are at least a few target specific nucleotides in between ϩ1 of the annealing site and that of the 3Ј downstream PCR primer. The truncated molecules generated during MULTIGEN cycle sequencing are less than 100 nucleotides long and therefore generate signals that are sharp, avoiding the broad signals associated with long truncated molecular species. We report three test models that demonstrate the potential place of MULTIGEN technology in routine diagnostic testing.
C. trachomatis, N. gonorrhea, and U. urealyticum are common causes of STDs in humans. Conventionally, these organisms are identified by culture and/or serological methods (25, 33) . Compared to other DNA-based methods that identify only two of these organisms (i.e., C. trachomatis and/or N. gonorrhoeae) such as PCR (39) , strand displacement (33), ligase chain reaction (33), nucleic acid-based amplification (22) , and ramification amplification (42), we show that a single MULTI-GEN test menu of STDs could include all of the important pathogens in routine clinical practices, significantly enhancing pathogen detection and thereby the level of care for patients with STDs.
Testing of food products includes tests for indicator organisms such as coliforms, fecal coliforms (18a), and toxin-producing pathogenic organisms such as E. coli O157:H7. Conventional testing includes the culture method (plate count) to determine bacterial load and acid and gas production in special growth medium (MacConkey broth or indicator media) (18), followed by confirmation by serological methods. In order to provide a test with better specificity, we show that MULTIGEN can detect the presence of coliforms, fecal coliforms, and E. coli O157:H7 simultaneously. The speed and cost-effectiveness of MULTIGEN testing offer a significant potential contribution toward more effective inventory control in agribusiness. The nucleotide range is given in parentheses.
The correlation of SNPs with human diseases (30) has generated an interest in determining haploid genotypes, which include the determination of nucleotides at specific loci on both alleles. Although the determination of a nucleotide could be achieved by using single-nucleotide primer extension (23, 41) , target-specific nucleotide probes (20) , or single-nucleotide sequence analysis (11, 36) , only MULTIGEN can provide both the nucleotide and the specific locus by identifying nucleotides showing two sequences-a 15-base nucleotide sequence generated by sequencing primer HPV18, followed immediately by a nonsignal, which is then followed by a 41-nucleotide sequence generated by sequencing primer HPV31; (D) electropherogram analyzed data showing three sequences-a 13-base nucleotide sequence generated by sequencing primer HPV18, followed immediately by a 20-nucleotide sequence generated by sequencing primer HPV33, followed immediately by a 41-nucleotide sequence generated by sequencing primer HPV31. on either side of the SNP locus simultaneously at a number of SNP sites.
We have applied MULTIGEN technology here to determine the nucleotide sequence from three segments (the lacZ gene, lamB gene, and stx 2 gene) of the same microbial genome, i.e., E. coli O157:H7. This capability has applications in three areas. (i) The first is when DNA segments with desired traits are inserted in plasmid vectors to produce pharmaceuticals such as insulin via the ␤-galactosidase fusion protein (37) . MULTIGEN technology ensures the specific orientation of the insert in the plasmid host for proper expression and that all of the essential elements of gene expression such e.g., promoters are intact. (ii) The second application is in the posttranscriptional modification of eukaryotic RNA, leading to phenotypic abnormalities such as ␤ thalassemia (37) . Simultaneously sequencing a number of splicing regions of mRNA would ensure a proper template for translation. (iii) Finally, MULTIGEN technology can be applied to the detection of a chimeric genome carrying a number of "foreign" DNA segments that could be used as biological-threat agents.
In summary, we illustrate here the scientific basis for simultaneously obtaining multiple nucleotide sequences from viral, bacterial, and human genomic loci; the ability to subtype microbes, emphasizing immediate applications in clinical testing and the food industry; human haplogenotyping; and the potential for determining genetic elements of "chimeric" genomes that could be used as biological-threat agents. MULTIGEN technology adds a novel technical modification to the proven scientific principles of conventional sequencing and the gel electrophoresis process. MULTIGEN combines the desired characteristics of high sensitivity, high specificity, and cost-effectiveness that are paramount for critical medical decision making in routine high-volume diagnostic settings and allows the development of tests for the detection of virtually any combination of target sequences in any type of sample that contains nucleic acid material.
